Background: In Crohn's disease, higher adalimumab trough levels and negative anti-adalimumab-antibodies associate with better clinical and endoscopic outcomes. Intestinal ultrasound has become a relevant non-invasive method to monitor treatment. However, data on the association between adalimumab levels and bowel wall thickness measured with ultrasound is limited. Objective: The purpose of this study was to examine the possible association between the sonographic transmuralthickness and adalimumab trough levels. Methods: This prospective observational cohort study was conducted at Sheba Medical Center in 2014-2018. Crohn's disease patients on adalimumab maintenance therapy with intestinal ultrasound performed within <30 days of trough level measurement were included. Associations between terminal ileum and colonic thickness, adalimumab levels and therapy retention were assessed. Results: Fifty events of ultrasound with concomitant adalimumab trough level measurements in 44 Crohn's disease patients were included. Patients with trough level <3 lg/ml had significantly higher bowel wall thickness, both for terminal ileum (p ¼ 0.04) and colon (p ¼ 0.02). Thirty-two patients continued adalimumab therapy over one year. The adalimumab retention rate was higher among those with terminal ileum thickness <4 mm (p ¼ 0.03). Conclusion: Lower adalimumab trough levels were associated with higher bowel wall thickness indicating poorer therapy outcome. Transmural thickness measurement with ultrasound may be a useful target for guiding biologic therapy in Crohn's disease.
Introduction
Adalimumab is an anti-tumor necrosis factor (TNF)a monoclonal antibody, administered for moderate to severe Crohn's disease (CD). Higher adalimumab trough levels have been associated with favorable clinical, inflammatory and endoscopic outcomes in CD, while lower levels have been associated with disease exacerbations and loss of response to adalimumab therapy. [1] [2] [3] [4] Thus, therapeutic drug monitoring of anti-TNF therapy, is applied as part of routine patient management in many centers worldwide. Measuring drug and antibody trough levels upon clinical worsening, in order to adjust dosage and therapy intervals, has been shown to improve patient care and save costs. 5, 6 Intestinal ultrasonography (IUS) is a non-invasive imaging modality, which has become accessible and clinically relevant in CD. Ultrasonographic assessment of the mucosal, submucosal, and muscular layers, as well as visualization of possible intestinal and extra-intestinal pathologies (such as luminal stenosis, abscesses, or fistulas) can be attained clearly using intestinal IUS. [7] [8] [9] [10] Thus, IUS is one of the diagnostic modalities recommended by the European Crohn's and Colitis Organization (ECCO) for monitoring treatment in CD. 11 Thickening of the bowel wall is the most significant ultrasonographic feature of CD, found to be a valid marker of inflammation in CD. 12 Other ultrasonographic signs including pseudo-stratification of the bowel wall (the disappearance of the normal bowel layers), mesenteric and adipose hypertrophy, enlargement of lymph nodes, and enhancement of blood flow in the bowel wall. 13 The data on the association of trough levels and ultrasonographic transmural thickness is extremely limited. Therefore, we decided to examine whether an association exists between the sonographic thickness for the terminal ileum (TI) and the colon and adalimumab trough levels, obtained concurrently.
Methods

Patient population
This was a prospective cross-sectional observational cohort study of CD patients receiving scheduled adalimumab therapy at Sheba Medical Center between April 2014-December 2018. Patients were prospectively monitored for adalimumab drug and AAA levels. Thirty of 50 (60%) of the samples analyzed were prospectively collected as part of the POETIC study 3 and the rest of the sera were collected later on. IUS was scheduled prospectively during the course of maintenance therapy, in proximity to the retrieval of trough serum samples, as part of the current study. Patients' demographics and clinical characteristics were obtained from their medical charts.
Eligible patients were individuals older than 18 years, treated with scheduled maintenance adalimumab therapy, after completion of the standard induction 160-180 mg course (>4 weeks since commencement of adalimumab therapy).
Patients were excluded if they previously underwent ileo-cecectomy, if they had not suffered from small intestinal CD (i.e. solely colonic CD patients were excluded), or if they did not have adalimumab trough levels obtained within one month of performance of the IUS.
The final analysis was a per-event analysis, so that patients who had undergone IUS on two events, within >6 months apart, with trough level measurements in proximity to the IUS, could be included more than once.
The study was approved by the Sheba Medical Center ethics committee and written, informed consent was obtained from each patient included in the study. Approval was granted for Helsinki protocol SMC-5598-08 on 28 January 2009. The study protocol conforms to the ethical guidelines of the 1975 Declaration of Helsinki as reflected in a priori approval by the institution's human research committee.
Intestinal ultrasound
All examinations were performed by a single experienced operator (DC) using a BK 3000 ultrasound machine (BK Ultrasound, Peabody, USA) with low frequency (2.5-6 MHz) curved array transducer enabling all abdominal quadrants to be examined for fill levels, potential pathological distension, motility, and paraintestinal structures such as abscesses, followed by examination using a high resolution linear array transducer (6.0-12 MHz) for detailed examination of the bowel wall structure. All examinations were performed without any preceding preparation, using a consistent technique and protocol, beginning the examination with the proximal to distal colon, followed by complete examination of the small bowel. Assessment was performed for features of inflammation, especially bowel wall thickness of the TI and the colon. 13 The ultrosonographer was blinded to trough levels, disease location, and all other patients' baseline characteristics.
TI thickness was measured at least in two different areas in a minimal distance of 1 cm from each other. Colonic bowel thickness was measured at the right colon, transverse coon, left colon and sigmoid colon. At each segment, thickness was measured at least in two different areas at a minimal distance of 1 cm from each other. The thickest segment of the colon was chosen for the purpose of analysis (according to the International Bowel Society Scientific Committee Proceedings, the reported measurements should include the thickest points, representing the worse place of inflammation).
Adalimumab trough level measurement
Serum samples were collected at trough, before adalimumab injections. Adalimumab levels were measured by a previously described drug-tolerant assay at the Sheba Medical Center. 14, 15 Clinical scores Adalimumab retention was defined as regular adalimumab maintenance therapy, which was continued for at least one year beyond the time of IUS. Clinical status was assessed as part of the retention analysis, and determined by the Harvey-Bradshaw index (HBI). [16] [17] [18] 
Statistical analysis
Continuous variables were expressed as the median and interquartile range (IQR). The Mann-Whitney test was used to compare continuous variables and Fischer's exact test was used for categorical data. Receiveroperating characteristic (ROC) analyses cutoffs were determined by the Youden most accurate point. Kaplan-Meier curves were plotted to assess the temporal rate of events and log rank test was computed for the comparison between survival free durations. All reported p values were two-sided, and a p value less than 0.05 was considered statistically significant. All statistics were performed with MedCalc software (version 12.2.1.0, Mariakerke, Belgium).
Results
Demography and clinical outcomes
In total, 50 IUS with concomitant prospective adalimumab trough level measurements were included in the study (obtained from 44 CD patients). Hence, six patients had two events included, all during maintenance therapy, with at least six months between events. The median time period between the IUS and trough level measurements was 13 days (IQR 6-21 days). Median age at induction was 33.5 years (IQR 25.7-39.2 years), male to female ratio was 0.91. Twelve patients (27.2%) received concomitant immunomodulator therapy. Fourteen patients (32.5%) previously received anti-TNF therapy. Median time from commencement of adalimumab therapy to IUS was 10.8 months (IQR 5.7-17.5 months). The patients' clinical and demographic characteristics are depicted in Table 1 . 
Association of adalimumab trough serum levels and bowel wall thickness
There was a significant negative association between adalimumab trough level and TI wall thickness on concurrent IUS; Patients with adalimumab levels below 3 lg/ml had significantly higher TI wall thickness than patients with adalimumab levels above 3 lg/ml (median TI thickness 5, 3.5 mm, IQR 3.5-7, 2-4.7 mm, respectively, p ¼ 0.04, Figure 1(a) ). Thresholds of 1 and 2 lg/ml were explored as well, although no statistical significant association with bowel wall thickness was detected (data not shown). Moreover, a statistically significant difference was noted also between the first (adalimumab level<3.1 ll/ml) and fourth quartile (>6.7 ll/ml) of adalimumab levels (median thickness 5, 2.9 mm, confidence interval (CI) 4.1-7, 2-3.3 mm for first and fourth quartiles respectively, p ¼ 0.002), and between the first and second quartiles (median thickness for second quartile 3.45 mm, CI 3-4.7 mm, p ¼ 0.01, Supplementary Material Figure 1 ). Similar negative association was observed for colonic wall thickness; Patients with adalimumab levels below 3 lg/ml had significantly higher colonic wall thickness than patients with adalimumab levels above 3 lg/ml (median colonic wall thickness 4, 2.5 mm, IQR 2.6-4.5, 2-3.5 mm, respectively, p ¼ 0.02, Figure 1(b) ). Similarly, a statistically significant difference was noted also between the first and fourth quartile. Hence, Large Intestinal (LI) was significantly thicker among patients with adalimumab levels in the first, compared to the last quartile (median thickness 4, 2.35 mm, CI 2.9-4.5, 2-2.8 mm for first and fourth quartiles respectively, p ¼ 0.04). Figure 1 . (a) Terminal ileum thickness was significantly higher in patients with adalimumab trough level (TL) below, rather than above 3 lg/ml. (b) Colonic maximal thickness was significantly higher in patients with adalimumab TL below, rather than above 3 lg/ml. ROC curve analysis was performed to define adalimumab trough level, which is best associated with ultrasonographic transmural healing (i.e. normalization of bowel thickness). For the TI, a cut-off of 3 mm was used. Trough level > 2 lg/ml was best associated with TI wall thickness below 3 mm, but this trend did not reach statistical significance (p ¼ 0.1, area under the curve (AUC) 0.63, sensitivity 33%, specificity 95%). For the colon, a trough level >3.8 lg/ml was best associated with colonic wall thickness below 4 mm, defined as tissue healing threshold (p ¼ 0.0001, AUC 0.812, sensitivity 85%, specificity 75%, Figure 2) .
A sub-analysis was performed for the association of anti-adalimumab-antibodies (AAAs) with bowel wall thickness. Out of the total cohort (n ¼ 50), positive antibodies were detected only in seven (14%) patients. In those seven patients, median LI and SI thickness were 2.8, 4.5 mm respectively, compared to 2.8, 3.5 mm in antibody-negative cases (n ¼ 50). The difference was statistically significant only for the latter (p ¼ 0.74, 0.01 respectively).
Association of bowel wall thickness with adalimumab therapy retention
In total, 72% (32/44 patients) continued adalimumab therapy for over one year (Figure 3(a) ). Median time between performance of IUS and therapy failure/end of follow up was 13.5 months (IQR 7-27 months). An analysis of the association between sonographic TI and colonic wall thickness, respectively, versus subsequent adalimumab therapy retention, showed that TI wall thickness <5 mm and colonic wall thickness <4 mm were both associated with a higher rate of adalimumab therapy retention, although statistical significance was not reached (p ¼ 0.07, 0.08, OR¼0.28, 0.26, 95% CI 0.07-1.1, 0.06-1.2, respectively). On survival analysis, the rate of adalimumab retention was significantly higher among patients with TI wall thickness <4 mm, than those with TI wall thickness >4 mm (p ¼ 0.03, Figure 3(b) ). As for the colon, thickness <5 mm was associated with a higher rate of therapy retention, but this trend did not reach statistical significance (p ¼ 0.1, Figure 3(c) ).
Discussion
IUS has been extensively associated with clinical outcome in IBD patients. A recent study has shown that the sensitivity and specificity of IUS were 89%, 94% for disease location; 79%, 94% for stricturing complications; 85%, 94% for detecting abscesses; and 70%, 95% for detecting fistulas, respectively. 19 Systematic reviews as well as a recent prospective study, have showed that IUS is as accurate as magnetic resonance enterography (MRE) in assessing disease activity and complications in CD patients. [20] [21] [22] [23] [24] In fact, IUS-driven management of CD patients, such as continuing, changing, or optimizing therapy, demonstrated a good concordance with clinical decisions based on all findings, including clinical manifestations, biochemical markers, MRE, and colonoscopy. 25, 26 Specifically, a prospective study has also demonstrated IUS to alter clinical decisions in CD patients. 27 An association between higher adalimumab trough levels and better clinical outcomes has been previously demonstrated in several studies. 5, 28, 29 Specifically, in the recently published POETIC study, a cut-off of 6.7 lg/ml for adalimumab trough levels has been associated with clinical remission by the end of induction therapy. 3 Measurement of adalimumab trough levels has also been associated with optimal inflammatory and endoscopic outcomes. 4, 30 Notwithstanding, although IUS has been extensively validated as a monitoring tool for CD patients, and incorporated into the European Crohn's and Colitis Organization (ECCO) guidelines, associations between anti-TNFa trough levels and sonographic findings, not previously been examined.
In our study, patients with adalimumab levels over 3 lg/ml at trough, had significantly lower transmural bowel wall thickness, both for TI and for the colon. ROC curves, which were significant for the colon, demonstrated that trough levels >3 lg/ml were significantly associated with normalization of bowel wall thickness. Furthermore, in this study, out of 50 IUS with concomitant prospective drug and antibody level measurements, positive antibodies were detected only in seven (14%). This proportion was lower than reported in previous studies (20-30%), probably because, contrary to previous publications, only maintenance period sera were included, whereas it is known that most antibodies develop during the induction period. 3 To our knowledge, this study is the first to report an association between formation of AAAs and higher TI thickness, although the findings are limited by the relatively small subgroup of antibody-positive patients.
These novel findings strengthen the paradigm that non-invasive periodic monitoring of intestinal wall thickness together with therapeutic drug monitoring are complementary and associate with the patient's clinical status. Therefore, we assume that prospective monitoring of serial IUS and drug level measurements could improve CD patients' outcomes, by early detecting of exacerbations and thereby avoiding hospitalizations and surgeries. Furthermore, when combined with serial IUS monitoring, proactive Therapeutic Drug Monitoring (TDM) could be proven efficient and cost-saving. Additional studies are required in order to explore this further.
In the current study we also examined associations between ultrasonographic transmural bowel wall thicknesses and adalimumab therapy retention. Seventyseven per cent of the total cohort continued therapy for over one year following the IUS (performed itself during maintenance). Previous studies have defined 60-80% as rate of adalimumab retention for one year at least. 31 This goes in line with the fact that secondary loss of response seems to occur among approximately 40% of regular anti-TNF therapy patients. 32 Associations between ultrasonographic transmural bowel wall thickness and therapy retention were especially significant for the TI and had only borderline significance for the colon. We assume the findings were less robust for the colon due to the fact that IUS was not performed at induction, but during maintenance therapy, when bowel wall inflammation has potentially already improved, at least partly. In addition, while all patients included had evidence of ileal CD, only 50% had colonic involvement, which might affect the analysis. Our study has several limitations. First, although all IUS examinations have been performed during a maintenance period, the time between therapy commencement and IUS was variable, which might have affected the results. Secondly, therapy retention was chosen to represent clinical outcome. On the one hand, this is an objective parameter, with less patient-associated variability. On the other hand, therapy retention is also affected by drug adverse events and parameters such as patient preferences and life necessities (co-morbidities, pregnancies, financial issues etc.). Third, although the study included prospective IUS and adalimumab trough levels measurements and clinical follow-up for one year afterwards, all other parameters were extracted from the patients' medical records and this study did not include prospective measurements of calprotectin, imaging, or endoscopies. Finally, the study was of modest size, with 50 events (44 patients) possibly leading to under-selection of some associations.
In conclusion, the current study demonstrated that adalimumab trough level lower than 3 ll/ml was significantly associated with lack of normalization of bowel wall (TI and colonic) thickness. Lower wall thickness, in turn, was associated with a higher rate of adalimumab therapy retention, especially for the TI. Thus, both therapeutic drug monitoring and IUS monitoring in CD patients treated with adalimumab are associated with better patient outcomes and are probably complementary modalities. If corroborated by additional studies, these findings strengthen the notion that transmural healing on IUS might serve as a novel therapeutic target in CD.
